Actin filaments and integrin-based focal adhesions (FAs) form integrated systems that mediate dynamic cell interactions with their environment or other cells during migration, the immune response, and tissue morphogenesis. How adhesion-associated actin structures obtain their functional specificity is unclear. Here we show that the formin-family actin nucleator, inverted formin 2 (INF2), localizes specifically to FAs and dorsal stress fibers (SFs) in fibroblasts. High-resolution fluorescence microscopy and manipulation of INF2 levels in cells indicate that INF2 plays a critical role at the SF-FA junction by promoting actin polymerization via free barbed end generation and centripetal elongation of an FAassociated actin bundle to form dorsal SF. INF2 assembles into FAs during maturation rather than during their initial generation, and once there, acts to promote rapid FA elongation and maturation into tensin-containing fibrillar FAs in the cell center. We show that INF2 is required for fibroblasts to organize fibronectin into matrix fibers and ultimately 3D matrices. Collectively our results indicate an important role for the formin INF2 in specifying the function of fibrillar FAs through its ability to generate dorsal SFs. Thus, dorsal SFs and fibrillar FAs form a specific class of integrated adhesionassociated actin structure in fibroblasts that mediates generation and remodeling of ECM.
Actin filaments and integrin-based focal adhesions (FAs) form integrated systems that mediate dynamic cell interactions with their environment or other cells during migration, the immune response, and tissue morphogenesis. How adhesion-associated actin structures obtain their functional specificity is unclear. Here we show that the formin-family actin nucleator, inverted formin 2 (INF2), localizes specifically to FAs and dorsal stress fibers (SFs) in fibroblasts. High-resolution fluorescence microscopy and manipulation of INF2 levels in cells indicate that INF2 plays a critical role at the SF-FA junction by promoting actin polymerization via free barbed end generation and centripetal elongation of an FAassociated actin bundle to form dorsal SF. INF2 assembles into FAs during maturation rather than during their initial generation, and once there, acts to promote rapid FA elongation and maturation into tensin-containing fibrillar FAs in the cell center. We show that INF2 is required for fibroblasts to organize fibronectin into matrix fibers and ultimately 3D matrices. Collectively our results indicate an important role for the formin INF2 in specifying the function of fibrillar FAs through its ability to generate dorsal SFs. Thus, dorsal SFs and fibrillar FAs form a specific class of integrated adhesionassociated actin structure in fibroblasts that mediates generation and remodeling of ECM.
INF2 | integrin | actin | fluorescence microscopy T he dynamic connection between the forces generated in the actomyosin cytoskeleton and integrin-mediated focal adhesions (FAs) to the extracellular matrix (ECM) is essential for many physiological processes including cell migration, vascular formation and function, the immune response, and tissue morphogenesis. These diverse functions are mediated by distinct cellular structures including protruding lamellipodia containing nascent FAs that mediate haptotaxis (1), ventral adhesive actin waves that mediate leukocyte transmigration through endothelia (2, 3) , and stress fibers (SFs) and FAs that drive fibrillarization of ECM in developing embryos (4, 5) . The coordination and interdependence of actin and integrin-based adhesion in these specialized cellular structures are rooted in their biochemical interdependence. Activation of integrins to their high-affinity ECM binding state requires the actin cytoskeleton (6) . In turn, integrin engagement with ECM induces signaling that mediates actin polymerization and contractility downstream of Rho GTPases (6, 7) . ECM-engaged integrins also affect cytoskeletal organization by physically linking the contractile actomyosin system to extracellular anchorage points (7) . Thus, adhesion-associated actin structures are integrated systems that mediate cellular functions requiring coordination of intracellular cytoskeletal forces with ECM binding.
Mesenchymal cells generally possess two main types of adhesion-associated actin structures: protruding lamellipodia containing nascent FAs at the cell edge and linear actin bundles in the cell body connected to FAs. Compared with architecturally invariant lamellipodia, adhesion-associated actin bundle structures, including filopodia, the perinuclear actin cap/transmembrane actin-associated nuclear lines, trailing edge bundles, and dorsal SFs, are more diverse in their morphology and less well understood in their architecture and function (8) (9) (10) . The most-studied actin bundle structure is perhaps dorsal SFs, noncontractile bundles associated at one end with a ventral FA near the cell edge and that extend radially toward the cell center and join with dorsal actin arcs on their other end. How the functional specificity of dorsal SFs is generated apart from the many other distinct adhesion-associated actin bundle structures is not well understood.
The functional specificity of adhesion-associated actin structures could be generated either on the adhesion side by compositional differences in FA proteins or on the actin side by differences in the nucleation mechanism and actin binding proteins. On the adhesion side, it is well known that different integrin family members bind distinct types of ECM (11, 12) . However, cells adhered to different ECMs all form common structures including lamellipodia, filopodia, and multiple types of SFs. In addition to different integrins, FA function could be regulated by the process of "maturation" in which FAs undergo stereotypical dynamic changes in composition and morphology driven by actomyosin-mediated cellular tension (13, 14) . Nascent FAs contain integrins, focal adhesion kinase (FAK), a-actinin,
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The ability of cells to interact with and remodel their extracellular environment is a critical process in developmental morphogenesis, wound healing, and cancer. How the physical and chemical responses of fibroblasts to the extracellular matrix are integrated across the cell remains a major open question. Previous data has shown a major role for the actin cytoskeleton in coordinating deposition and organization of the extracellular matrix by fibroblasts. Our study examines the role of inverted formin 2 (INF2), a protein known to create new actin filaments, in mediating cellular response to extracellular conditions and control of extracellular matrix remodeling. We find that INF2 is responsible for generating specific actin structures and specialized integrin-based fibrillar adhesions that are required for remodeling of the fibronectin extracellular matrix by fibroblasts.
and paxillin (13, 15) . When tension is applied, nascent FAs grow and recruit hundreds of proteins, including talin, vinculin, and zyxin (16) . These mature FAs then either disassemble or further mature into tensin-containing fibrillar FAs that are responsible for fibronectin fibrillogenesis (17) . Thus, the changes in FA size and protein content that accompany FA maturation could give rise to functional specialization of adhesion/actin systems.
On the other hand, actin filaments in migrating cells are generated by two main classes of nucleators: the Arp2/3 complex and formins (18) . Different nucleating proteins generate different actin organization and geometries, which could in turn dictate functional specificity of adhesions. Arp2/3 forms the branched network in lamellipodia and is thought to be linked to nascent FAs through interaction with FAK (19) (20) (21) or vinculin (22) . The formin family of actin nucleators, which generates linear actin bundles (23) , is more diverse, although formins share a common actin assembly core domain (24) , (25) . Recent work has begun to ascribe the generation of particular actin structures to some of the 15 formins in mammalian cells, particularly members of the diaphanous family and FHOD1 (26) (27) (28) (29) . Specifically regarding dorsal SFs, evidence points strongly to polymerization by a formin family member (23, (30) (31) (32) but no formin has ever been localized to these SFs or their associated FAs in motile cells. Thus, although formins are clearly critical for forming distinct actin structures, whether they cooperate with FA proteins to specify the function of adhesion-associated actin structures in the cell is unclear.
We hypothesized that inverted formin 2 (INF2), found in our recent FA proteome (33) , may play a critical role in the formation and functional specificity of adhesion-associated actin structures. INF2 is expressed in cells in two isoforms, one containing a membrane-targeting CAAX-motif that plays a role in mitochondrial fission (34) and a non-CAAX isoform whose function is not well characterized. INF2 is an unusual formin insofar as it contains, in addition to the FH1-FH2 domains that polymerize actin, a WH2-like domain at the C terminus (35) that binds actin monomers to regulate autoinhibition, and also mediates filament severing (35, 36) . INF2 also interacts with and inhibits members of the diaphanous family of formin proteins (37) . INF2 therefore could have multiple possible roles at FAs in local modulation of actin.
Here we explore the role of INF2 in mouse embryonic fibroblasts (MEFs). We find for the first time to our knowledge strong localization of an endogenous formin to FAs at the distal tips of dorsal SFs where it is required for actin polymerization at FAs to form dorsal SFs. We show that INF2 plays a role in controlling morphological, but not compositional maturation of FAs. Strikingly, INF2 is responsible for the formation of one specific class of FAs, the fibrillar FAs that organize the ECM; disruption of INF2 leads to defects in ECM fibrillogenesis. Thus, our study demonstrates that INF2 mediates the formation of dorsal SFs and fibrillar FAs, which together comprise a specific integrated adhesion-associated actin structure responsible for the fibrillogenesis of ECM by fibroblasts.
Results
The INF2 Formin Localizes to Lamellipodia, Dorsal SFs, and FAs. To understand the role of the formin INF2 in organization of the actin cytoskeleton in fibroblast function, we first sought to determine the actin structures with which it associates. Primary MEFs plated on fibronectin (FN)-coated coverslips were rapidly fixed with acetone and costained for endogenous INF2, F-actin, and canonical markers of SFs (Fig. 1A ) and subjected to spinning disk confocal microscopy. As reported previously (34) , INF2 localized to narrow fibril structures in the center of the cell presumed to be mitochondria (Fig. S1 , blue arrow). Costaining of INF2 and F-actin showed that INF2 was restricted to a subset of actin bundles in the lamella and to the lamellipodial actin meshwork at the cell edge ( Fig. 1 A-C) .
To determine the identity of the INF2-containing actin bundles, we performed colocalization analysis with specific SF markers. Immunofluorescence analysis showed that INF2 localized along radial actin bundles that also contained α-actinin and tropomyosins ( Fig. 1 A and E) . These SFs extended perpendicularly to the leading edge and INF2 was concentrated at their distal tips where it colocalized with α-actinin. We then costained for myosin IIA, which is known to associate with transverse arcs but is largely absent from dorsal SFs (23, 38) . Myosin IIA localized to arcs around the cell sides and actin bundles in the cell body, but had reduced levels on INF2-decorated bundles extending perpendicular to the edge (Fig. 1A, Bottom) . To confirm that the SFs decorated with INF2 were in fact dorsal SFs, we generated 3D projections from confocal stacks and tracked these actin bundles in the Z direction from the ventral cell surface and found that they extended radially toward the cell center and up toward the dorsal cortex (Fig. 1B) . Endogenous INF2 is therefore localized specifically to dorsal actin SFs in the lamella. Because INF2 localization appeared to extend distally beyond the termini of dorsal SFs, we hypothesized that INF2 was associated with FAs. To test our hypothesis, we examined colocalization of INF2 and FA proteins. INF2 partially colocalized with paxillin at FAs in the lamellum, but extended more proximally than the bulk of paxillin ( Fig. 1 D and E) . In contrast, INF2 colocalized more strongly with the FA adaptor protein vinculin ( Fig. 1 D and E) , which localizes to the actin-FA interface (39) . Together, these results show that in addition to mitochondria (34) , endogenous INF2 localizes specifically to dorsal SFs and the SF-FA junction in MEFs, as well as lamellipodia.
INF2 Is Required for Dorsal SFs in Lamellae. We next sought to determine the role of INF2 in organization of the actin cytoskeleton. We used siRNA to decrease INF2 protein levels by 66% ( Fig. 2A) , then acetone-fixed and stained mock-transfected control and INF2 knockdown MEFs (INF2 KD, Fig. 2 ) with antibodies to INF2 and paxillin, and examined them by spinning disk confocal microscopy. These experiments showed that siRNA treatment resulted in loss of focal adhesion staining with the anti-INF2 antibody in individual cells. Loss of INF2 consistently reduced cell area compared with controls ( Fig. 2 B and C) , possibly due to metabolic deficiencies induced by reduced INF2 activity at mitochondria (34) . Reexpression of the human INF2 (and thus refractory to siRNA targeting the mouse protein) isoform lacking the mitochondrial targeting sequence fused at its C terminus to EGFP (henceforth referred to as INF2-GFP) at 121% of endogenous level showed that this isoform did not localize to mitochondria in the cell center and failed to rescue the defect in cell size, but localized to the cytoskeleton and FA similar to the endogenous protein ( Fig. 2C and see Fig. 4 ), and rescued cytoskeletal and FA phenotypes induced by INF2 KD (see below). We therefore used this construct for the remainder of our studies.
Despite the small size of INF2 KD cells, formaldehyde fixation and staining with fluorescent phalloidin showed that they had a well-developed actin cytoskeleton, albeit with marked differences in organization compared with mock-transfected controls. Control cells displayed a lamellipodium typified by a bright band of dense actin at the cell edge and possessed dorsal and ventral SFs and transverse arcs in the lamellum ( Fig. 2 B and D) . Cells lacking INF2 possessed similar transverse arcs (Fig. 2B ), but displayed a dramatic loss of actin bundles perpendicular to the leading edge in the lamella and cell center ( Fig. 2 B-D) , as well as a slightly wider lamellipodium (Fig. S2) .
We focused our study on understanding the defect in SFs in the absence of INF2. Compared with controls, INF2 KD cells lacked the SFs that normally extend radially through the lamella from the cell edge toward the top of the cell as seen in 3D projections, and also exhibited increased cell height ( Immunostaining with the SF markers pan-tropomyosin, α-actinin, myosin II A, myosin II B, and phosphorylated myosin II regulatory light chain showed that remaining actin bundles along the sides and rear of INF2 KD cells contained the appropriate contractile machinery; however, the myosin II marker proteins were largely absent from weak radial bundles, suggesting that they were remnants of dorsal SFs ( Fig. 2D and Fig. S3 ). Together, these data indicate that INF2 is specifically required for formation of dorsal SFs to reduce cell height (40) . INF2 Promotes Barbed End Formation and Actin Assembly at FA. Our observation that INF2 contributes to dorsal SF formation suggests that INF2 may regulate actin assembly specifically at FAs. To test this prediction, we first determined the role of INF2 in generation of assembly-competent "free" barbed ends of actin filaments in control and INF2 KD cells (Fig. 3A) . By gently permeabilizing cells in the presence of rhodamine-labeled G-actin, fixing and costaining with fluorescent phalloidin and an antibody against paxillin, we were able to visualize sites of incorporation of new actin monomers onto free barbed ends, total F-actin, and FAs ( Fig. 3A ) (41) . Spinning disk confocal images revealed incorporation of rhodamine-actin indicating the location of free barbed ends along the leading edge of the lamellipodium and at FAs at the termini of dorsal SFs in control cells (Fig. 3A) . Quantification of the ratio of rhodamine-actin to phalloidin fluorescence showed that compared with control, INF2 KD cells had a slight but insignificant reduction in rhodamine-actin fluorescence in lamellipodia (Fig. S2E ), but a strongly significant decrease in rhodamine-actin incorporation at FAs (Fig. 3A) . Therefore, INF2 promotes formation of polymerization-competent free barbed ends of actin filaments at FAs, whereas other mechanisms contribute to barbed end formation in lamellipodia. We then analyzed the role of INF2 in actin dynamics in dorsal SFs at FAs in living cells. We coexpressed mApple-actin and EGFP-paxillin in MEFs in the presence and absence of siRNAs targeting INF2 and imaged cells by time-lapse TIRF microscopy ( Fig. 3B) . Examination of movies of control cells showed paxillin-containing nascent FAs formed within the lamellipodium concomitant with leading edge protrusion, as previously reported ( Fig. 3B and Movies S1 and S2) (42) . Nascent adhesions forming in the lamellipodium initially lacked actin bundles and the majority underwent rapid disassembly within about a minute as the trailing edge of the lamellipodium moved beyond them. For the nascent FAs that remained after the lamellipodium advanced, a fine actin bundle appeared at the proximal end of the FAs and the FAs began to elongate (Fig. 3B , Right and Movies S1 and S2). These linear bundles continued to extend from the proximal side of the FAs as the FAs grew (Fig. 3B, Right) . INF2 KD MEFs also nucleated nascent FAs in protruding lamellipodia (Fig. 3B ). In contrast with control cells, however, these FAs failed to sprout actin bundles (Fig. 3B , Right and Movies S3 and S4). Rather than linear filaments, a dense actin meshwork associated with these FAs (Fig. 3B) . These structures remained associated with FAs for many minutes after the edge advanced, but displayed little-tono directional elongation (Fig. 3B , Right and Movies S3 and S4). Some actin aggregates in INF2 KD MEFs appeared to span or connect multiple small FAs (Fig. 3B, Right) , a phenomenon not typical of dorsal SFs. The few weak radial actin structures we observed were associated with the sides of a protrusion (Fig. 3B ) or coalesced as multiple globules merged (Fig. 3B, Right) . These results show that INF2 is required for forming actin bundles at the proximal edge of maturing FAs in the lamellum. To determine the role of INF2 in elongation of actin filaments in dorsal SFs at FAs, we photobleached a narrow stripe across an EGFP-actin labeled SFs just proximal to its terminus at a FA, and monitored the bleached zone by time-lapse spinning disk confocal microscopy (23) . In control cells, the bleached area did not recover fluorescence within 300 s, but during that time moved away from the SF terminus at the FA at a consistent rate (Fig. 3C and Movie S5), indicating elongation of the actin bundle distal to the bleach mark at its site of attachment to the FA, as previously reported (23) . Although INF2 KD induced loss of most dorsal SFs, we were able to bleach a stripe across remnant weak radial bundles attached to FAs in the lamella. This experiment showed that, like controls, the bleached mark in INF2 KD cells did not recover fluorescence. However, in contrast to control MEFs, in INF2 KD cells bleached marks on actin bundles remained almost stationary relative to the FA, moving away from the FA at a significantly lower rate than control (Fig. 3C and Movie S4). In INF2 KD cells reexpressing INF2-GFP, movement of the bleached SF stripe away from the FA was recovered (Fig. 3C) . Together, these data show that INF2 is required for promoting actin polymerization and forming free barbed ends at FAs to mediate formation of actin bundles at maturing FAs and dorsal SFs.
INF2 Is Recruited to FAs During Myosin II-Dependent Maturation. Our data show that INF2 localizes at the FA-SF interface and promotes dorsal SF formation (Figs. 1-3) . Because the SF interface with the FA forms as nascent FAs mature (42), we hypothesized that INF2 may assemble into FAs during maturation. To test this hypothesis, we determined the dynamic localization of INF2 to FAs during assembly and maturation. We cotransfected MEFs with INF2-GFP together with mApple-or mCherry-tagged paxillin as a marker of FAs and performed time-lapse TIRF microscopy ( Fig. 4 A-C) . In control cells, mApple-paxillin appeared as diffraction-limited nascent FA punctae in protruding lamellipodia, most of which disassembled, but a fraction of which exited the advancing lamellipodium and elongated centripetally as they matured (Fig. 4A and Movies S6 and S7). INF2-GFP localized to lamellipodia, making it difficult to directly determine whether INF2 was at nascent FAs (Fig. 4A) . However, fluorescence intensity line scans along the protruding edge of cells revealed no specific coconcentration of INF2-GFP above the lamellipodial localization in punctate mCherrypaxillin-labeled nascent FAs, and in regions just proximal to lamellipodia, young, slightly elongated FAs in the earliest stage of maturation contained little-to-no INF2-GFP (Fig. 4A, red  arrowhead) . Larger FAs located deeper in the lamella exhibited high concentrations of INF2-GFP (Fig. 4 A and B) . Two-color kymograph analysis of individual FAs confirmed that nascent FAs exiting the advancing, INF2-rich lamellipodium lacked INF2-GFP (Fig. 4C , Inset and Movie S7), followed by strong INF2-GFP localization throughout the length of growing FAs, and finally specific concentration of INF2-GFP in the proximal end of fully mature FAs, presumably at the junction with SFs (Fig. 4C) . Therefore, INF2 assembles into FAs as they mature.
Proteins such as vinculin or zyxin that assemble into FAs during maturation are recruited in a myosin II contractilitydependent manner (13, 43, 44) . To determine if INF2 recruitment to FAs was contractility dependent, we examined the response of INF2 localization to inhibition of myosin II ATPase activity. We treated cells transfected with INF2-GFP with blebbistatin and stained them with antibodies to paxillin phosphorylated on Y31 (phosphopaxillin) as a marker of immature FAs (45) and imaged them by confocal microscopy. Blebbistatin treatment resulted in the formation of lamellipodia containing diffraction-limited phosphopaxillin punctae and loss of mature FAs in the lamella and cell center (Fig. 4D) . Colocalization line scans showed that in the absence of myosin II activity, INF2 was localized in a relatively uniform band along the cell edge but did not appear specifically enriched in phosphopaxillin FA punctae (Fig. 4D) . Together, these results show that INF2 is absent from nascent FAs, but is recruited to FAs during myosin II-dependent FA growth and maturation. (Fig. 5 A-D) . Rather than existing as a very narrow band at the cell edge, these small FAs were present further into the lamellum than in control cells (Fig.  5 A and E) . Analysis of FA area confirmed this finding, showing that compared with control, INF2 KD cells had significantly smaller FAs (Fig. 5 A and B) . Furthermore, in controls, approximately one-third of the total FAs were nascent FAs (<0.3 μm 2 ) and two-thirds were medium (0.3-2.0 μm 2 ) or large mature FAs (>2.0 μm 2 , Fig. 5C ), whereas INF2 KD shifted the distribution such that over 80% of the FAs were nascent and greatly decreased the fraction of medium and large FAs. In control cells, FAs were oblong in shape (aspect ratio > 3), whereas FAs in INF2 KD were significantly rounder and less extended (Fig. 5D) (Fig. 5E and Fig. S4A ). Control cells possessed diffraction-limited nascent FAs at their edges marked by paxillin, vasodilator-stimulated phosphoprotein (VASP), and FAK, whereas small oblong FAs at the lamellipodium-lamellum border as well as extended FAs in the lamellum also contained vinculin and zyxin ( Fig. 5E and Fig. S4A ). Staining for tensin showed strong staining of long FAs in the cell center and dim or variable staining of small FAs in the cell periphery (Fig. 5E) . In INF2 KD cells, the small round FAs in the cell periphery exhibited the same complement of proteins seen in nascent and small FAs of control cells, including paxillin, FAK, vinculin, zyxin, and variable levels of tensin ( Fig. 5E and Fig. S4A ). However, INF2 KD cells completely lacked tensin-containing extended FAs in the cell center (Fig. 5E) . Localization of tensin to oblong FAs formed in INF2 KD cells reexpressing INF2-GFP was recovered, although due to small cell size, fewer FAs were observed in the cell center (Fig. 5F ). Thus, INF2 is not required for compositional maturation of FAs, but is critical for forming large, central, tensin-containing FAs.
To determine if the signaling properties of FAs are modulated by INF2, we examined tyrosine phosphorylation of FA proteins that occurs in response to integrin engagement to ECM. We coimmunolocalized paxillin together with either total phosphotyrosine or with antibodies specific to FAK phosphorylated on Y397 (phospho-FAK) or phosphopaxillin in control and INF2 KD cells (Fig. S4B) . Confocal imaging showed that FAs in both control and INF2 KD cells contained high levels of tyrosine phosphorylation, phospho-FAK, and phosphopaxillin (Fig. S4B) . Together, these results show that INF2 reduces the fraction of nascent FAs and is also required for formation of fibrillar FAs in the cell center, but not recruitment of FA proteins or basic aspects of integrin signaling. (Fig. 6 A-F) . First, we tracked the overall dynamic behavior of FAs by creating color-encoded time overlays that compared GFP-paxillinmarked FAs near the cell edge before and after a 120-s time interval (Fig. 6A) . In this analysis, purple represents FAs newly assembled during the 120-s interval, green shows FAs that disassembled during the time interval, and white FAs were constant throughout ( Fig. 6A and Movie S8). This showed that in 120 s in control MEFs, many FAs formed near the leading edge and many FAs disassembled in the lamella, but few remained constant, suggesting a rapid FA assembly and turnover cycle. In INF2 KD MEFs, although many FAs formed near the leading edge in 120 s, most of them remained constant and very few turned over in the lamella, indicating a reduction in FA turnover compared with control. Coexpression of INF2-GFP and mCherry paxillin in INF2 KD cells rescued rapid FA assembly and turnover dynamics ( Fig. 6B and Movie S8). Time-lapse image series at 5-s intervals and kymograph analysis showed that in control MEFs, most nascent FAs turned over rapidly as the leading edge and lamellipodium advanced, whereas a subset underwent rapid centripetal elongation as they matured in the lamellum (Fig. 6 C and D and Movie S9) (42) . In contrast, most of the nascent FAs in INF2 KD MEFs remained round puncta even as the leading edge advanced and new FAs were nucleated in front of them. The few FAs that did grow in INF2 KD cells either expanded radially as two neighboring punctate FAs merged or grew centripetally much more slowly than control cells ( Fig. 6D and Movie S9) and never extended into the cell center.
To determine the precise defect in FA dynamics, we performed quantitative analysis of FA nucleation rate (number of nascent FAs formed/unit time/unit lamellipodial area), maturation fraction (the fraction of nascent FAs that do not disassemble in the leading edge but go on to elongate), and lifetime (time from appearance to disappearance of individual FAs) on image series acquired at 5-s intervals. This analysis showed that, as suspected from examination of time overlays, there was no difference in FA nucleation rate in control and INF2 KD MEFs (Fig. 6E) . Once nascent FAs nucleated, nearly 25% of them matured in the lamellum of control cells, whereas in INF2 KD cells only 5% of nascent FAs matured in this fashion (Fig. 6F) . Furthermore, the lack of nascent FA turnover in INF2 KD cells resulted in a significant threefold increase in FA lifetime compared with control (Fig. 6G ). Together these results suggest that INF2 reduces nascent FAs not by inhibiting their formation, but by promoting both their turnover and transition to rapid elongation and likely their eventual transition to central fibrillar FAs.
INF2 Regulates Traction Force and ECM Fibrillogenesis.
Our results show that INF2 is critical to regulation of the actin cytoskeleton and FAs. To determine the physiological significance of these functions of INF2, we examined the requirement for INF2 in traction force and generation of ECM by fibroblasts. First, we used high-resolution traction-force microscopy (TFM) (46) to determine the force exerted by control and INF2 KD cells expressing GFP-paxillin by plating on compliant, 8.6-kPa FN-coupled polyacrylamide gels embedded with fluorescent beads to serve as fiducial marks of cell-generated substrate displacement (Fig. 7A) . FAs in control and INF2 KD cells were plated on compliant substrates resembled FAs in cells on glass; FAs in INF2 KD cells were smaller than those in control cells (Fig. 7A) . TFM analysis showed that cells lacking INF2 generated significantly higher stress on the substrate than controls (Fig. 7A ). This demonstrates that INF2 attenuates traction force on the ECM, in agreement with the notion that large FAs exert little force on the substrate compared with nascent FAs (47). The major physiological function of fibroblasts, deposition and organization of FN-containing ECM, is mediated by tensinpositive fibrillar FAs (48) . The reduced FA size and unusual distribution of tensin in cells lacking INF2 suggests INF2 may be critical for ECM fibrillogenesis. We first tested the requirement for INF2 in the ability of human foreskin fibroblasts (HFFs) to generate cell-derived matrices (CDMs). We used HFFs as opposed to MEFs because shRNA plasmids to human INF2 continually inhibited INF2 expression for the long time periods required for CDM generation, compared with the transient knockdown obtained for siRNA in MEFs. Cells expressing either the GFP-tagged shRNA or GFP alone as a control were plated at confluency for 7 d and supplemented with ascorbic acid to promote deposition of ECM, after which cells were lysed and washed out, leaving behind CDMs (Fig. 7B) . Phase-contrast imaging showed that the CDM deposited by control cells was homogeneous and dense, with thick, phase-dense bundles of aligned and interconnected fibrils (Fig. 7B) . Conversely, compared with control, the CDM produced by cells lacking INF2 was more heterogeneous in density and isotropic in organization, with regions completely lacking thick fibrils and much less interconnected mesh (Fig. 7B) .
We then determined the requirement for INF2 in FN fibrillogenesis. We plated control and INF2 KD cells on glass, allowed them to deposit and reorganize FN for 24 h, then fixed and costained for FN and paxillin to determine the organization of FN relative to FAs (Fig. 7C) . Control cells deposited FN and organized it into fibrils associated with paxillin-containing FAs toward the center of the cell (Fig. 7C) . Cells lacking INF2, however, were unable to form FN fibrils. Some FN accumulated around INF2 KD cells, but it remained diffuse in the cell center or formed irregular blobs in the periphery that were not strongly associated with FAs (Fig. 7C) . To determine if the defect of INF2 KD cells in fibrillogenesis was due to lack of FN secretion or an inability to fibrillarize plasma FN, we assayed the ability of living cells to incorporate fluorescently labeled FN added to the media into ECM fibrils. This showed that control cells efficiently assembled fluorescent FN into fibrillar structures close to large central FAs at the termini of SFs (Fig. 7D, Top row) . In contrast, INF2 knockdown cells exhibited a lack of fluorescent FN fibrils under the cell, although hazy fluorescence was present (Fig. 7D , Middle row). Reexpression of INF2-GFP in INF2 KD cells rescued the defect, with these cells regaining the ability to form FN fibrils at the termini of SFs in the center of the cell (Fig. 7D,  Bottom row) . Together, these data show that INF2 is required for the ability of fibroblasts to organize ECM and fibrillarize FN on both long and short timescales.
Discussion
Our results show for the first time to our knowledge that the formin INF2 localizes specifically to FAs, dorsal SFs, and lamellipodia in fibroblasts. Although it is well accepted that formin proteins act at FAs to mediate SF formation (23, (30) (31) (32) , the ability to localize a formin to FAs has eluded the field. This localization is quite distinct from the CAAX membrane-targeted isoform of INF2, which localizes to mitochondria and the endoplasmic reticulum (34, 49) . We find that FA-associated INF2 plays a critical role in promoting formation of polymerizationcompetent free actin barbed ends that mediate the centripetal elongation of an FA-associated actin bundle to form a dorsal SF. INF2 assembles into FAs in a contractility-dependent manner during FA maturation rather than during initial FA generation, (42) and FAs in cells lacking INF2 lack actin bundles, this suggests that the role of INF2 in FA maturation is through regulation of FA-associated actin rather than direct effects on FAs. INF2 has a number of activities that could modulate actin at FAs, including the FH1-FH2 domains that polymerize actin, a WH2-like domain at the C terminus (35) that binds actin monomers to regulate autoinhibition, and also mediates filament severing (35, 36) . INF2 also interacts with and inhibits members of the diaphanous family of formins (37) . The simplest scenario would be that the actin polymerization activity of INF2 mediates barbed end formation and actin filament assembly at FAs, which would act as an actin bundle template for FA maturation (42) and drive SF assembly. However, a transient association with Dia1 and/or Dia2 could "prime" INF2 for localization at FAs and explain the longstanding conundrum of the fact that the diaphanous formins are required for actin assembly at FAs, yet are not localized to these sites (23, 30-32, 37, 50) . Similarly, we cannot rule out a role for the severing activity of INF2 (35, 51) in increasing barbed ends at FAs as well as throughout dorsal SFs, a phenomenon also not fully understood (23, 41) . Finally, we also consider the fact that INF2 generates stable detyrosinated microtubules that can help drive cell migration through centrosome positioning (52) . Dissecting the mechanism by which INF2 mediates SF formation and FA maturation will require structure-function analysis to determine the FA targeting domain and generation of activity-specific mutants for reconstitution in cells lacking INF2.
Our data also weigh in on the controversy regarding the roles of actin assembly versus myosin II contractility in FA maturation. We find that INF2 is required for barbed end formation and directional filament elongation at FAs and also required for FA maturation (42) . This finding supports the notion that FA maturation requires an assembling actin bundle template, and that actomyosin tension throughout the network is not sufficient for full FA maturation (Figs. 2 and 3) . Supporting this finding, recent studies have highlighted the role of actin polymerization, rather than myosin II activity, in FA maturation (32, 53) . As tension on formins has been shown to increase their associated actin filament assembly rate, an alternative role for myosin-mediated tension could be to enhance polymerization of actin SFs at FAs (32, (53) (54) (55) . In addition, our results demonstrating that knockdown of INF2 decreases the FA maturation fraction without affecting the nascent FA nucleation rate further highlights the critical role of actin assembly in regulating the decision point between nascent FA turnover and maturation, suggesting that assembly of the FA-associated actin bundle stabilizes nascent FA against disassembly and promotes the transition to FA growth.
Our examination of the composition of FAs in the absence of dorsal SFs allowed us to uncover the surprising finding that morphological and compositional maturation of FAs are not directly coupled, as has been assumed by the field (56) . Canonical models of FA maturation couple elongation/growth of nascent FAs to changes in protein phosphorylation and accumulation of additional proteins (for review see ref. 14) . We find that in the absence of dorsal SFs generated by INF2, FAs largely do not elongate into oblong FAs, resulting in a lack of large FAs in the center of the cell as has been seen in other cells lacking dorsal SFs (Figs. 5 and 6) (32, 42, 57) . Surprisingly, however, these morphologically immature FAs at the cell edge contain proteins generally associated with mature FAs, such as zyxin and vinculin and a variable amount of tensin, and are competent for integrin signaling. Therefore, we suggest that a major role of SFs is to couple morphological and compositional maturation of FAs. Our findings also call to question the role of FA compositional maturation in general, and more specifically the role of the protein tensin, in generating functional fibrillar FAs. We suggest that extended morphology of oblong FAs controls the ability of FAs to assemble ECM, and not the presence of tensin per se. Here, we show that dorsal SFs direct this morphological and functional switch, likely by promoting directional elongation of FAs.
We find that in addition to FAs, INF2 also localizes to the protruding edge of migrating cells just proximal to the actinnucleating Arp2/3 complex. However, unlike Arp2/3, which creates the dendritic lamellipodial actin network, we find that INF2 limits lamellipodial width and rate of actin retrograde flow through unknown mechanisms. This finding is consistent with data showing that INF2 can inhibit actin assembly by diaphanous family formins (37) , which have been proposed to play a role in protrusion of lamellipodia (31, 32, 58) , and this interaction may also provide a mechanism for recruitment of INF2 to the leading edge. However, based on recent evidence showing competition between actin nucleation factors in cells (59), we also hypothesize that INF2 may limit lamellipodial width by competing with other actin nucleation factors for monomers at the cell edge. In addition, although INF2 is not localized specifically in nascent FAs in lamellipodia, we cannot rule out an indirect role of lamellipodial INF2 in affecting nascent FA dynamics.
On a cellular scale, the physiological role of SFs generated by INF2 also remains incompletely understood. Some data indicate that prominent SFs actually inhibit rapid cell motility (32, 60) . Indeed, we do not see major defects in cell migration even when dorsal SFs are significantly reduced by loss of INF2 (Fig. S5) . We suggest that by ensuring proper FA maturation, dorsal SFs could also contribute to proper force balance in cells; when only small high-tension FAs at the cell edge are present, cells exhibit mild defects in persistent spreading and migration. However, the importance of SFs in generating tension or turning off tension at FAs remains unclear. Our data suggest that a critical role for the dorsal SF-adhesion structure is in fibrillarizing FN mediated by the formin INF2. Our data thus not only reveal the previously unidentified ability of an actin nucleation factor to specify physiological functions of primary fibroblasts, but also expand the role for the SF-FA interaction.
Materials and Methods
MEFs were isolated and maintained as described previously (54) . For control and INF2 KD fixation, cells were fixed with paraformaldehyde as described previously (61) . For endogenous INF2 staining, cells were fixed with ice-cold acetone at −20°for 10 min then washed with TBS, then blocking and staining were performed as previously described (61) . Detection of free barbed ends was performed as described previously (41) incubating 0.5 μM rhodamine-actin on cells for 2 min 15 s. Chemicals and antibodies were obtained from commercial sources (SI Materials and Methods) except for antitensin antibody (a gift from Benjamin Geiger, Weizmann Institute of Science, Rehovot, Israel) and antizyxin antibody (a gift from Mary Beckerle, Huntsman Cancer Institute, Salt Lake City). Imaging was performed as described previously (54) with the addition of a MYO cooled CCD camera (Photometrics) for some confocal imaging. Image analysis was performed by hand except for Pearson's coefficient determination by JACoP (62) . TFM was performed as described previously (46, 63) . Cell-derived matrices were generated as described previously (64) . See SI Materials and Methods for additional details. and Schwanna Thacker for administrative assistance. This work is supported by the Intramural Program of the National Heart, Lung, and Blood Institute, NIH.
